ABSTRACT: We designed and demonstrated an InAs avalanche photodiode (APD) for X-ray detection, combining narrow band gap semiconductor materials and avalanche gain from APDs. The InAs APD (cooled by liquid nitrogen) was tested with a 55 Fe X-ray source. Full width at half maximum (FWHM) from the spectra decreases rapidly with reverse bias, rising again for higher voltages, resulting in a minimum FWHM value of 401eV at 5.9 keV. This minimum value was achieved at 10 V reverse bias, which corresponds to an avalanche gain of 11. The dependence of FWHM on reverse bias observed is explained by the competition between various factors, such as leakage current, capacitance and avalanche gain from the APD, as well as measurement system noise. The minimum FWHM achieved is largely dominated by the measurement system noise and APD leakage current.
Introduction
Measurement of X-ray fluorescence with Si detectors is an established technique to perform elemental analysis in a wide range of applications, such as treatments of liquid hazardous wastes [1] , environmental analysis of water and soil samples [2] , in vivo tests on human patients [3] , and food safety assessments [4] . The elements of interest often include heavy metals, such as Hg and Pb, requiring X-ray photon detection up to 80 keV. On the other hand, some toxic elements, such as Li and Be, emit X-rays that are < 100 eV in energy.
Although Si is the dominant material used to make soft X-ray detectors, the energy resolution of current commercial Si X-ray detectors is approaching its Fano limit. For example, an Amptek Si drift detector has an energy resolution of 125 eV at 5.9 keV [5] , while Fano-limited energy resolution is 118 eV (calculated assuming 3.65 eV electron-hole-pair creation energy and 0.117 Fano factor [6] ). Moreover, Si has a relatively small atomic number and crystal density, limiting its absorption coefficient at high X-ray energies. Thus alternative semiconductor materials to achieve low Fano-limited energy resolution and high absorption efficiency are desirable.
These criteria are met by certain compound semiconductors with narrow band gaps, E g , such as InSb (E g = 0.165 eV) and InAs (E g = 0.356 eV [7] ). They have relatively high atomic numbers (49/51 for InSb and 49/33 for InAs) and densities (5.78 g/cm 3 for InSb and 5.68 g/cm 3 for InAs [8] ). Some progress has been made in using these narrow band gap materials for X-ray detectors.
InSb Schottky diodes fabricated from epitaxially grown crystals had been studied as radiation detectors [9] [10] [11] . Cooling the Schottky diode to 42 K, alpha particles (5.5 MeV in energy) were detected with 1.8 % FWHM [11] . These diodes also detected Gamma rays (59.5 keV in energy), however the gamma ray peaks were not resolved, due to noise caused by the extremely high detector's leakage currents even at cryogenic temperatures [9, 10] . In addition, in order to minimise the leakage current, the detectors were operated without bias, causing undesirably narrow depletion region and hence low collection efficiency. In another work, Zn diffusion was employed to fabricate InAs p-n diodes, which detected alpha particles when cooled by liquid nitrogen, but again high detector's leakage currents prohibited energy resolution assessment [12] .
-1 -Si APDs have been extensively investigated for X-ray detection and demonstrated energy resolution of 360 eV at 5.9 keV at −20 • C [13] . There are also reports of APDs made with a wide bandgap material, Al 0.8 Ga 0.2 As, showing promising results at room temperature (or elevated temperatures) [14, 15] . The improvement in SNR is brought by the APD's avalanche gain, M, when the signal is weak and/or the amplifier's noise is dominant. Both conditions apply to soft X-ray detection applications, where fewer electron-hole pairs are created by each photon compared to Xrays with higher energies. Having an appreciable M may improve the FWHM of the detected peak, with very little negative effect from the associated avalanche noise (often known as excess noise), if the APD is appropriately designed [16] . Appropriate designs need to be guided by the impact ionization properties of the semiconductor materials used. As an example, consider an avalanche material with electron ionization coefficient larger than hole ionization coefficient, α > β , i.e. electrons yield higher gain than holes. Then the X-ray photons need to enter the APD from its p-layer, so that the majority of photo-generated carriers initiating the avalanche gain are electrons, rather than holes. This will ensure that the avalanche gain applicable to the photo-generated carriers is as high as practically possible.
We previously reported an InAs APD with an n-i-p structure for X-ray detection [17] . When cooled to 77 K, FWHM of the 5.9 keV peak reduced from 2.02 keV to 950 eV, as M increased from 1.58 to 5.3. This represented a significant progress in semiconductor APDs made with narrow bandgap materials for X-ray detection, given that other works on InSb and InAs X-ray detectors were and are still hindered by leakage currents. However, since α > β in InAs, an InAs APD requires a p-i-n structure to maximise the value of M experienced by the absorbed X-ray photons for a given reverse bias. Furthermore, the n-i-p structure led to considerable absorption in the nlayer and avalanche layer, degrading the peak-to-background ratio in the X-ray spectra [17] . Thus appropriate changes to InAs APD designs can bring further improvements in their X-ray detection performance. In this paper, we report the soft X-ray detection performance of InAs APDs with p-i-n structure.
Device structure and electrical characteristics
The InAs APDs were fabricated from an InAs p-i-n diode wafer grown on a 2" n-type InAs substrate by molecular beam epitaxy. Be and Si were used as the p-and n-type dopants respectively. The wafer structure, shown schematically in figure 1(a), consisted of a 300 nm p-layer, a 3.5 µm InAs layer with graded p-doping, a 6.0 µm InAs i-layer and a 1.0 µm InAs n-layer. The 3.5 µm InAs layer had doping grading (light to heavy from bottom to top) to help improve collection of minority electrons originally generated by X-ray photon absorption within the p-layer. In addition, a very thin AlAs 0.16 Sb 0.84 p + -layer was included to reduce diffusion of electrons from the p-contact into the graded, reducing the bulk leakage current.
Standard photolithography and wet chemical etching were used to create circular mesa diodes from the wafer. Ti/Au (20/200 nm) were deposited to form p-and n-contacts for the diodes. The main wet chemical etchant used was a mixture of phosphoric acid, hydrogen peroxide and de-ionized water (ratio of 1:1:1). The main mesa etching was followed by finishing etches using a solution of sulphuric acid, hydrogen peroxide and de-ionized water (ratio of 1:8:80) [18] , and diluted hydrofluoric acid. Sidewalls of the mesas were then passivated with negative photoresist -2 - SU8, minimizing surface leakage currents degradation [19] . SiN x was then deposited before the final step of bond pad deposition. The device fabrication yielded diodes with diameters ranging from 15 to 200 µm. The 75 µm diameter diodes, whose top view is shown in figure 1(b) , offered the best trade-off between minimizing capacitance and maximizing the sensitive area for X-ray detection. Hence X-ray data presented later were obtained from diodes with 75 µm diameter, which were wire-bonded onto TO-5 packages to facilitate low temperature X-ray measurements. The vast majority of the characterizations were carried out on two packaged InAs APDs, namely D1 and D2. Prior to X-ray measurements, reverse leakage currents of D1 and D2 were measured at room temperature, as shown in figure 2(a) . At room temperature, due to the narrow band gap of InAs, the diodes' reverse leakage currents are prohibitively high. Comparison with on-wafer measurement data also indicates degradation in leakage currents caused by the packaging process. Cooling the device to 77 K reduces the bulk leakage current significantly [19] , also shown in figure 2(a) , making the detection of X-rays possible. On-wafer Capacitance-Voltage dependence of the 75 µm diameter InAs APD at 77 K, plotted in figure 2(b) , shows that the capacitance decreased rapidly with reverse bias voltage from zero to 4 V, but remains relatively unchanged for higher reverse bias (0.18 pF at 10 V).
X-ray response
In the X-ray measurement setup, a TO-5 package containing the InAs APD was mounted onto the cold plate of a liquid nitrogen dewar to cool the APD down to ∼ 77 K. A 55 Fe radioisotope with ∼ 40 MBq activity was the irradiation source. Signal pulses from the APD were amplified by a charge-sensitive preamplifier (Amptek A250CF), before being shaped by a shaping amplifier (Ortec 570), which was in turn connected to a multichannel analyzer (MCA) controlled by a computer. Spectra obtained with different shaping time constants were compared, as shown in figure 3 . Shaping time constant of 0.5 µs gave the narrowest peak so was selected for subsequent X-ray measurements. The acquisition time was 360 seconds for all measurements. Figure 4 (a) shows the 55 Fe spectra collected using the cooled APD D2, reverse biased at different voltages. The 5.9 keV energy peaks can be observed in all spectra. The peak position -3 - at a bias voltage of 0.4 V (channel 50) was assigned as the unity gain peak, because the peak position did not vary from 0 to 0.6 V reverse bias (data not shown here). As reverse bias voltage is increased beyond 0.6 V, the energy peak shifts to higher channel number, moving away from the noise peak, which is expected for an APD. Inset of figure 4(a) shows the unity gain peaks (channel 50) in the spectra at 3.0, 4.0 and 6.0 V reverse bias voltages. As reverse bias voltage increases beyond 6 V, it is increasingly difficult to resolve the unity gain peak from the growing noise peak (attributed to increasing leakage current shown in figure 2(a) ).
For spectra at reverse bias voltages of 3.0, 4.0 and 6.0 V, the peak at channel 50 can be attributed to the fraction of incident X-ray photons absorbed in the InAs n-layer. These correspond to pure hole injection and the charge would experience an avalanche gain of M h . For InAs APDs, M h remains at unity for the entire range of reverse bias considered for this work [18] . Thus these unity gain peaks are expected to be present in the spectra for all reverse bias voltages. X-rays absorbed solely in the InAs p-layer will undergo a gain of M e , which gives rise to the shifted main -4 - peak. Absorption of X-ray photons within the InAs i-layer will give rise to an avalanche gain of M mix , whose values range between unity and M e , which accounts for the majority of the events between the M h and M e peaks, figure 4. Photon absorption in this region is clearly undesirable since it widens the main M e peak, degrading the energy resolution.
Ratio of the channel number of shifted peaks to the unity gain channel number (50) gives M e as a function of reverse bias, as shown in figure 4(b) . The results are compared to M e data obtained using conventional photomultiplication measurements (photocurrent measurement with a 1550 nm laser as photon source) on a device from the same sample. The two sets of data are in agreement, confirming that the shifted peaks were indeed due to avalanche gain.
The spectra shown in figure 4(a) have noise peaks with centroid at channel number 11 (not shown here) due to an offset of the MCA. With the noise peak (channel number 11) and 5.9 keV peak (channel number varies due to varying M e ) as references, the spectra in figure 4(a) were also converted from channel numbers into energy. The resultant normalized spectra for different reverse bias voltages are compared in figure 5 . As reverse bias voltage increase, the energy peak becomes narrower, with better energy resolution. Meanwhile, the influence of noise tail is diminishing due to the positive effect of avalanche gain, achieving an overall increased signal to noise ratio.
Gaussian fitting to data in figure 5 yields FWHM values for the 5.9 keV peaks in each spectra. The deduced FWHM versus reverse bias of the InAs APDs is shown in figure 6 . For APD D1, FWHM reduces from 2.12 keV at 0.5 V to a minimum of 660 eV at 6 V. APD D2 exhibits even smaller FWHM, a minimum of 401 eV at 10 V, which is significantly smaller than the value of 950 eV from ref. [17] . The decreasing FWHM with reverse bias observed from figure 6 is attributed to increasing M that reduces the effect of electronic noise, which is one of the dominant noise sources at small reverse bias. Reduction in FWHM with reverse bias is less significant at higher reverse bias, or even reversed in the case of APD D1, which is most likely caused by the increasing APD dark current, which grew in significance as a noise source (as seen in figure 2(a) and discussed in section 4). The better energy resolution of APD D2 (compared to APD D1) is attributed to its lower leakage current at the operating temperature, as shown in figure 2(a).
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Noise analysis
To assess in detail the significance of electronic noise to the measured energy resolution, measurements were conducted to assess the noise of the X-ray detection experimental setup used. To facilitate the noise measurements, a few modifications were made to the setup. The X-ray source was absent and square wave signals (from a pulse generator) were fed into a test capacitor (0.5 pF) within the preamplifier. The InAs APD (D2) remained connected to the input of the preamplifier, so that the noise contributions from detector leakage current and capacitance were included in the noise measurements. The preamplifier, shaping amplifier and MCA settings as for section 3 were used. Data were also taken without the detector.
The spectra obtained with or without D2 at different reverse biases are compared in figure 7 (plotted in channel numbers). Unsurprisingly, it shows peaks widened with reverse bias (beyond -6 - Figure 7 . Spectra in channel number from noise measurements obtained with D2 at different reverse biases. Noise spectrum taken without the detector is also shown. The same width were obtained when different signal amplitudes from the pulse generator were used. 4 .0 V), since leakage current continued to increase but capacitance remained relatively constant beyond 4.0 V. Noise spectrum obtained with D2 biased at 0.4 V was then converted into energy using identical references as for the 0.4 V X-ray data in figure 5 . At 0.4 V reverse bias (no avalanche gain), the FWHM values from the X-ray peak (1.91 keV) and the noise measurements (1.89 keV) differ slightly, probably caused by fluctuations in the number of electron-hole pair created and incomplete collection of carriers created by photon absorption in the partially depleted InAs i-layer. FWHM of the noise peak obtained without the detector was 1.09 keV, which is high and increases when detector is connected. Nevertheless, the APD's avalanche gain works to significantly reduce the detrimental effect of electronics noise, achieving an overall energy resolution of 401 eV.
Conclusions
Using InAs APDs with a p-i-n structure, we obtained an energy resolution as small as 401 eV FWHM at 5.9 keV (with an avalanche gain of 11), significantly smaller than previously reported value (950 eV) from an InAs APD with an n-i-p structure. The improvement demonstrates the benefits provided by the combination of using InAs to absorb X-ray photons and adopting appropriate APD design. The energy resolution achieved in this work is largely limited by the APD leakage current and measurement system noise. Hence further improvement on the InAs APD X-ray performance requires efforts, in addition to more APD-specific modifications such as minimizing X-ray photon absorption within the InAs avalanche layer.
